Farnesoid X receptor (FXR) is a member of the family of ligand-activated nuclear receptors. FXR plays critical roles in maintaining many metabolic pathways, including bile acid regulation and glucose and lipid homeostasis, and forms a heterodimeric complex with the retinoid X receptor (RXR). Despite the important roles of the FXR/RXR heterodimerization in human physiology, the molecular basis underlying the FXR/RXR interaction is still uncertain in the absence of a complex structure. Here, we report the heterodimeric structure of FXR and RXR in the presence of an FXR agonist (WAY-362450), RXR agonist (9-cis-retinoic acid), and a peptide derived from a steroid receptor coactivator (SRC2), revealing both unique and conserved modes for FXR heterodimerization. We found that the dimerization with RXR induced allosteric conformational changes on the coactivator-binding site of FXR. These changes enhanced the transcriptional activity of FXR by promoting the coactivator binding, thus suggesting a structural basis for the functional permissiveness of the FXR/RXR heterodimer complex. Furthermore, sequence analyses together with functional mutagenesis studies indicated that the helix H10 largely responsible for the dimerization is highly conserved and also critical for the FXR transcriptional activity. Our findings highlight the important roles of RXR heterodimerization in the nuclear receptor signaling, providing a potential framework to develop pharmaceutical agents in treating FXR/RXR-related diseases.
essential for a broad aspect of human physiology (1) (2) (3) . Highly expressed in the liver, intestine, kidney, and adrenals, FXR is responsible for the regulation of the specific target genes involved in biological processes including bile acids, glucose, and lipid homeostasis and thereby has become an important drug target for the treatment of many FXR-mediated diseases. Treatment of FXR agonists has shown beneficial roles in regulating glucose homeostasis and insulin sensitivity (4, 5) . Activation of FXR also reduces the triglyceride level in liver tissues, suggesting the therapeutic effects of FXR agonists in nonalcoholic fatty liver disease (6, 7) .
With a highly conserved DNA-binding domain and a moderately conserved ligand-binding domain (LBD), FXR regulates gene expression through ligand binding in the LBD by recruiting or releasing specific coregulators, including coactivators such as the steroid receptor coactivator (SRC) family and corepressors such as NCoR (nuclear corepressor) and SMRT (silencing mediator for retinoid and thyroid hormone receptors), a conserved mechanism for all nuclear receptors (8, 9) . Importantly, the LBD contains an activation function-2 (AF2) motif, which usually is the helix H12, whose conformation is critical for the nuclear receptors to interact with coregulators.
In addition to the coregulator recruitment, the activity of FXR is also modulated by the heterodimerization with the retinoid X receptor (RXR), receptors for the vitamin A metabolite 9-cis-retinoic acid (9-cis-RA), thus providing an additional level of regulation of the FXR signaling pathways (10) . As such, FXR transduces signals as a heterodimeric complex with RXR by binding to the regulatory promoter region of its target genes. In addition to FXR, RXRs are also promiscuous partners of heterodimeric associations with other members of the nuclear receptor superfamily. RXR ligands transcriptionally activate independently on their own in the "permissive" subclass of heterodimers, whereas the partner agonists are required to mediate the activity of "nonpermissive" subclass of heterodimers (11, 12) . The "permissive" heterodimer partners include nuclear receptors FXR, the peroxisome proliferator-activated receptors (PPARs) and liver X receptor (LXR). The examples of "nonpermissive" partners are nuclear receptors retinoic acid receptor, vitamin D receptor, and thyroid-hormone receptor.
Crystal structures of the many heterodimers structures, such as PPAR/RXR (13), retinoic acid receptor/RXR (14) , LXR/RXR (15) , PXR/RXR (16), constitutive androstane receptor (CAR)/ RXR (17, 18) , and thyroid-hormone receptor/RXR (19, 20) heterodimers, have revealed a common mode of dimerization within the LBDs, wherein the conserved dimer interface is largely comprised of the N-terminal halves of helix H10 from each receptor, as well as unique features specific for each dimeric complex. Despite rich structural knowledge for RXR heterodimerization among nuclear receptors and also the importance of FXR in drug discovery, the molecular basis that determines FXR/RXR interaction is still uncertain in the absence of a complex structure. In fact, the FXR/RXR heterodimer remains the last unsolved structure among all heterodimeric nuclear receptors.
In an effort to gain insights into the molecular mechanism of the FXR/RXR heterodimerization, we determined the crystal structure of the liganded FXR/RXR heterodimer in complex with coactivator peptides. The crystal structure shows both conserved dimerization interface for all heterodimeric nuclear receptors and also unique structural features specific for FXR/ RXR. The structural analysis further reveals an allosteric mechanism through which RXR binding stabilizes the active conformation of FXR, leading to the enhanced FXR transactivation, a permissive nature of the FXR/RXR heterodimer. Our findings may help to understand how heterodimerization modulates FXR signaling and provide a framework for the rational design of high affinity ligands targeted against the FXR/RXR complex for use in the treatment of FXR-mediated diseases.
Results

Characterization of the FXR/RXR heterodimer
Human FXR LBD with an N-terminal 6ϫHis tag was expressed either in the presence or in the absence of an untagged RXR␣ LBD. To determine the functional activity of the purified proteins, we used an amplified luminescence proximity homogenous assay (AlphaScreen, PerkinElmer) to measure the interaction of the FXR monomer or FXR/RXR heterodimer with a peptide containing the second LXXLL motif from the coactivator SRC1, respectively. The FXR agonist WAY-362450 promoted the binding of a SRC1 coactivator motif to FXR LBD in a dose-dependent manner (Fig. 1a) , with an EC 50 of ϳ3.9 nM, which is consistent with the highly potent nature of the WAY-362450 to FXR (21) . Interestingly, the potency of the FXR ligand was enhanced for the FXR/RXR heterodimer compared with that for FXR alone, suggesting that RXR␣ increases the ligand-binding affinity of FXR. Similarly, the presence of the RXR␣ moiety in the heterodimer further increased FXR's affinity for the SRC2 coactivator motif (Fig.  1b) . These results on the purified LBDs of FXR and RXR are consistent with the permissive nature of the FXR/RXR heterodimer, highlighting the importance of the RXR heterodimerization for FXR ligand binding and coactivator recruitment.
Structural determination of the FXR/RXR heterodimer
To determine the molecular basis of the specific interaction and the permissive function of the FXR/RXR heterodimeric complex, we crystallized the FXR/RXR heterodimer in the presence of WAY-362450, 9-cis-RA, and a peptide derived from the coactivator SRC2. The structure was solved with two FXR/RXR heterodimer complexes in each asymmetry unit (Table S1 ; PDB code 5Z12). Fig. 2 shows two views of the overall dimeric arrangement of the FXR/RXR heterodimer, with each LBD adopting a helical sandwich fold that is conserved across the nuclear receptor family. Similar to other RXR heterodimers, the dimer interface is mainly composed of H10, as well as a few contacts with helices H7, H9, and the loops between helices H8 and H9, from both receptors. The interaction between FXR and RXR is thus stabilized by a combination of hydrophobic and polar interactions between the two receptors ( Table 1) .
Because PPAR␥ and LXR␣ share the highest sequence similarity with FXR in their LBDs as heterodimeric nuclear receptors, with 23.3 and 32.4% sequence identity in their LBDs, respectively (Table 2) , we performed both sequence and structural comparisons of the heterodimer complexes of these three nuclear receptors ( Fig. S1 and Fig. 3 ). Structural alignment of FXR/RXR with PPAR␥/RXR ( Fig. 3a ; PDB code 1FM9) and LXR␣/RXR (22) (Fig. 3b ; PDB code 3FAL) revealed conserved dimeric arrangements with RMSDs of 0.422 and 0.469 Å, respectively. Despite the high similarity, the configuration of FXR/RXR interface displayed three distinct structural features (Fig. 3c) . First, helices H7 and H10 of FXR shifted inwards, with closer contacts with RXR than those from PPAR␥ and LXR␣, respectively. Second, the shifted helices H7 and H10 of FXR may result in the slightly larger heterodimer interface for FXR/ RXR, which is ϳ1048 Å 2 , whereas the interfaces are 980 and 538 Å 2 for LXR/RXR and PPAR␥/RXR, respectively. Third, the helix H10 of FXR is shorted by two turns of ␣-helix, although this difference on the helix H10 is not located in the dimer interface with RXR and thereby will not directly influence the heterodimerization of RXR with FXR, PPAR␥, or LXR␣.
Conformational changes of FXR induced by RXR heterodimerization
The RXR heterodimerization is critical for the FXR activity. Superposition of the FXR/RXR heterodimer structure with the FXR monomer structure revealed the molecular basis for the increased coactivator binding potency (Fig. 1) by RXR heterodimerization (Fig. 4) . Despite the high conservation of two FXR domain from the monomer structure and RXR heterodimer structure, respectively, with an RMSD of 0.677 Å (Fig.   4a ), the dimerization with RXR induced allosteric conformational changes on the coactivator-binding site of FXR. Compared with the FXR in the monomer form, the active conformation of FXR AF2 of the heterodimer form is shifted inward (Fig. 4b) , thereby stabilizing the microenvironment of the coactivator-binding site, likely resulting in the improved coactivator binding with FXR, which is a common mechanism 
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for nuclear receptors to recruit coactivators. This structural difference provides the structural mechanisms for the improved ligand-mediated coregulator recruitment and transactivation of FXR upon the dimerization with RXR, a permissive nature of the FXR/RXR heterodimer.
Functional correlation of the FXR/RXR heterodimerization
To validate the roles of RXR heterodimerization in FXR transactivation, we mutated several key residues on the heterodimer interface of RXR␣ and tested the transcriptional activity of these mutated RXR␣ in cell-based reporter assays using full-length FXR and the EcRE reporter ( Fig. 5a and Table  1 ). The mutations of D379L and R426L/S427L were designed to disrupt the salt bridges and hydrogen bonds that stabilize the interaction between FXR and RXR. P423W mutation was designed to destabilize the heterodimer interface by changing the corresponding residue to a tryptophan with the bulky side chain. As shown in Fig. 5b , the addition of RXR further enhanced the FXR transactivation, either with or without ligand 9-cis-RA. Interestingly, all the mutations that were predicted to negatively impact the binding between FXR and RXR also substantially reduced the FXR transcriptional activity by either GW4064 alone or together with 9-cis-RA (Fig. 5b) , further affirming the critical roles of RXR heterodimerization in the FXR transactivation and signaling.
Conservation of RXR heterodimerization through helix H10
Given the importance of RXR heterodimerization in the activity of heterodimeric nuclear receptors, we further analyzed the sequence conservation of helix H10, which lies at the core of dimer interface. Despite the conservation of FXR with PPAR␥ (23.3%) and LXR␣ (32.4%) in their LBDs, the sequence identities of helix H10 in the dimer interface are even higher than those of LBDs (Table 2) , suggesting the conserved mode of RXR heterodimerization among different heterodimeric nuclear receptors. To further investigate the coevolution of FXR/RXR interface among different species, we selected five model animals for this study with the sequences of LBDs and helix H10 of FXR aligned, respectively (Fig. S2) . The summary of sequence homology (percentage of sequence identity) revealed that helix H10 shares a higher sequence identity compared with the LBD (Table 3 ). The conservation of helix H10 of FXR was further validated by the ConSurf evolutionary conservation analysis (Fig. S3) (23) . Our results thus suggest that the mode of RXR heterodimerization is also conserved in evolution and highlighting the critical roles of RXR heterodimers in nuclear receptor signaling.
Discussion
Nuclear receptors are important transcriptional factors with both differential and conserved mechanisms in regulating their 
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activity. Because the distinct functional profiles of nuclear receptors in response to the binding of various ligands are largely determined by the selective use of transcriptional coregulators, which is regulated by the conformation of helix H12 of nuclear receptors (24, 25) , the ligand-binding pockets and dynamic binding interfaces between the nuclear receptors and coregulators have been the focus of drug discovery studies. However, several alternative mechanisms also exist in regulating the activity of nuclear receptors. RXR heterodimerization is critical for the nuclear receptor signaling by regulating either the recognition and binding affinity of nuclear receptors on target genes, coregulator binding, and the transcriptional activity via permissive and nonpermissive mechanisms (26) . As such, the elucidation of structural mechanisms underlying the RXR heterodimerization will be of great importance in understanding the functional regulation of nuclear receptors in various biological processes, which can also provide novel design strategy for the drug development with selective modulator activity.
Given the important roles of FXR in drug discovery, there have been intense studies on the therapeutic potentials of FXR ligands. Although many lead compounds have been discovered and some are under evaluation at various clinical stages (27, 28) , the clinical use of FXR modulators has been tempered by side effects such as severe pruritus and liver injury. Therefore, a new drug-design strategy will be of great use by developing novel agents in modulating FXR activity allosteric pathways without directly targeting FXR ligand-binding pocket (29) .
RXR plays a vital role in FXR regulation of downstream genes by forming heterodimer with FXR and predominantly binding inverted repeats spaced by one nucleotide (IR-1) (30). As a permissive partner for FXR/RXR heterodimer, the integration of RXR signals with FXR, which can produce either additive or synergistic effects. For example, the combination of RXR ligand acyclic retinoid and FXR ligand GW4064 synergistically inhibited the growth of HLE cells by inducing apoptosis (31) . RXR␣ promote FXR recruit the methyl transferase PRMT1 by forming a heterodimer with FXR, which is important to bile acid homeostasis (32) . However, the therapeutic potential of RXR ligands in the FXR signaling still remains poorly developed, partly because of the lack of structural characterization of the heterodimeric complex of FXR and RXR. Interestingly, our structural analysis revealed conformational changes of the FXR coregulatory-binding site induced by heterodimerization with RXR, leading to a more stabilized AF2 for improving the recruitment of coactivator (Fig. 4b) . The importance of the allosteric connection between dimerization and coactivator binding has also been validated by the reporter assays on the cell-based dimerization mutants in Fig. 5b . Our structure thus revealed a molecular mechanism for the critical role of RXR dimerization in FXR transactivation, which has also been observed on other heterodimeric nuclear receptors like PXR (16) . As such, RXR ligands offer a promising strategy in finetuning FXR-mediated processes.
The FXR/RXR structure in this study, together with many other heterodimers structures solved, have enabled the integration of nuclear receptor signals transduced across the heterodimer interface. Structural analysis has showed that the N-terminal halves of helix H10 of the heterodimeric partners are in close contact with RXR and share a high structural similarity. In contrast, the C-terminal halves of helix H10, with structural variance between FXR and other nuclear receptors, are not involved in the dimer interface. Furthermore, sequence alignment, as well as ConSurf Server analysis, indicates that the helix H10 is one of the most conserved region in the LBDs among FXRs from different species and also different nuclear receptors, highlighting the important roles of RXR heterodimerization in the nuclear receptor signaling. Taken together, the structure of the FXR/RXR LBDs heterodimer provide a framework to develop the pharmaceutical agents in treating the FXR/RXR-related metabolic diseases.
Experimental procedures
Protein preparation
The human RXR␣ LBD (residues 225-462) was expressed from the T7 promoter of pACYCDUET-1 vector (Novagen), and the human FXR LBD (residues 243-472) was expressed as N-terminal 6ϫHis fusion protein from the expression vector pET24a (Novagen). BL21 (DE3) cells transformed with these two expression plasmids were grown in LB broth at 25°C to an A 600 of ϳ1.0 and induced with 0.1 mM isopropyl 1-thio-␤-Dgalactopyranoside at 16°C. The cells were harvested and sonicated in 200 ml off extraction buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 10% glycerol, and 25 mM imidazole) per 6 liter of cells. The lysate was centrifuged at 20,000 rpm for 30 min, and the supernatant was loaded on a 5-ml NiSO 4 -loaded HiTrap HP column (GE Healthcare). The column was washed with extraction buffer, and the protein was eluted with a gradient of 25-500 mM imidazole. The FXR/RXR LBD was further purified with a Q-Sepharose column (Amersham Biosciences), followed by gel filtration with a HiLoad 26/60 Superdex 200-pg column (Amersham Biosciences). To prepare the protein-ligand complex, we added a 5-fold molar excess of WAY-362450 (Targetmol, China) and 9-cis-RA (Sigma) to the purified protein, followed by filter concentration to 10 mg ml Ϫ1 . The FXR/RXR LBD was complexed with 2-fold molar of a SRC2 peptide (KHKILHRLLQDSS) before filter concentration.
Coactivator-binding assays
The binding of the various coregulator peptide motifs to FXR LBD in response to ligands was determined by AlphaScreen TM assays using a hexahistidine detection kit from PerkinElmer as described before (7). The experiments were conducted with ϳ20 -40 nM receptor LBD and 20 nM biotinylated cofactor pep- Heterodimerization of FXR and RXR tides in the presence of 5 g ml Ϫ1 donor and acceptor beads in a buffer containing 50 mM MOPS, 50 mM NaF, 0.05 mM CHAPS, and 0.1 mg ml Ϫ1 BSA, all adjusted to a pH of 7.4. EC 50 /IC 50 values for the effects of ligand binding to FXR or FXR/RXR were constructed from a nonlinear least square fit of the data based on an average of three repeated experiments. The relative affinity of a SRC2-2 peptide (KEKHKIL-HRLLQDSS) to FXR or FXR/RXR was determined by competition of a biotin-labeled second LXXLL motif of SRC1 (Biotin-SPSSHSSLTERHKILHRLLQEGSP), with increasing concentrations of unlabeled SRC2-2 peptide in the presence of FXR ligand WAY-362450 and RXR.
Transient transfection assay
293T cells were maintained in DMEM containing 10% fetal bovine serum and were transiently transfected using Lipofectamine 2000 (Invitrogen). All mutant FXR plasmids were created using the QuikChange site-directed mutagenesis kit (Stratagene). Before 24 h of transfection, 24-well plates were plated (5 ϫ 10 4 cells/well). For nuclear receptor luciferase reporter assay, the cells were cotransfected with plasmids encoding full-length human FXR␣ with an EcRE-Luc reporter. Ligands were added 5 h after transfection. The cells were harvested 24 h later for the luciferase assays with the Dual-Luciferase reporter assay system (Promega). The luciferase activities were normalized to Renilla activity cotransfected as an internal control.
Crystallization and structure determination
The crystals of FXR/RXR heterodimer complex were grown at room temperature in hanging drops containing 1.0 l of the ligand-protein solutions and 1.0 l of well buffer containing 0.2 M sodium thiocyanate and 25% (w/v) PEG 8000. The crystals were directly flash frozen in liquid nitrogen for data collection. The observed reflections were reduced, merged, and scaled with DENZO and SCALEPACK in the HKL2000 package (33) . The structures were determined by molecular replacement in the CCP4 suite (34) . Manual model building was carried out with Coot (35), followed by Refmac5 (36) refinement in the CCP4 suite. 
